Tat interaction with astrocytes has been shown to be important for Tat neurotoxicity and HIV/neuroAIDS. We have recently shown that Tat expression leads to increased glial fibrillary acidic protein (GFAP) expression and aggregation and activation of unfolded protein response/endoplasmic reticulum (ER) stress in astrocytes and causes neurotoxicity. However, the exact molecular mechanism of astrocyte-mediated Tat neurotoxicity is not defined. In this study, we showed that neurotoxic factors other than Tat protein itself were present in the supernatant of Tat-expressing astrocytes. Two-dimensional gel electrophoresis and mass spectrometry revealed significantly elevated lysosomal hydrolytic enzymes and plasma membraneassociated proteins in the supernatant of Tat-expressing astrocytes. We confirmed that Tat expression and infection of pseudotyped HIV.GFP led to increased lysosomal exocytosis from mouse astrocytes and human astrocytes. We found that Tatinduced lysosomal exocytosis was tightly coupled to astrocytemediated Tat neurotoxicity. In addition, we demonstrated that Tat-induced lysosomal exocytosis was astrocyte-specific and required GFAP expression and was mediated by ER stress. Taken together, these results show for the first time that Tat promotes lysosomal exocytosis in astrocytes and causes neurotoxicity through GFAP activation and ER stress induction in astrocytes and suggest a common cascade through which aberrant astrocytosis/GFAP up-regulation potentiates neurotoxicity and contributes to neurodegenerative diseases. . 2 The abbreviations used are: cART, combination antiretroviral therapy;
HIV-1 infection of the CNS occurs within hours of viral acquisition in the periphery (1) and often leads to neurological symptoms that include motor and cognitive dysfunction (2) . These symptoms have collectively been termed HIV/ neuroAIDS. Currently, there is no specific treatment for neuroAIDS, mainly because of incomplete understanding of the mechanisms of neuronal damage induced by HIV. Introduction of combination antiretroviral therapy (cART) 2 has increased the lifespan of HIV-infected individuals and, as a result, has changed the landscape of HIV/neuroAIDS, with increased prevalence of minor cognitive motor disorder (MCMD) (3, 4) . It is clear that cART has failed to prevent or reverse MCMD at the present time (5) . Thus, new approaches to prevention and treatment of MCMD are undoubtedly warranted and urgently needed.
The main neuropathologies associated with HIV MCMD include widespread astrocytosis, chronic neuroinflammation, and compromised neuronal integrity (4, 6) . At the cellular level, the primary cell targets for HIV infection are macrophages/ microglia and, to a lesser extent, astrocytes (7, 8) . However, HIV does not infect neurons that are mostly affected in the CNS of HIV-infected individuals. Therefore, a number of indirect mechanisms have been proposed for HIV/neuroAIDS pathogenesis. The proposed mechanisms could generally be grouped into three main categories: improper immune activation of macrophages/microglia, soluble factors of both viral and host origins from macrophages/microglia and astrocytes, and astrocyte dysfunction. It is highly conceivable that all three categories of mechanisms may function in an integrated manner in the HIV/neuroAIDS pathogenesis.
One such example is the HIV-1 Tat protein, which has been shown to be a major factor in HIV/neuroAIDS pathogenesis through various mechanisms. Tat is one of the viral soluble factors secreted from HIV-infected microglia/macrophages and astrocytes in the CNS or HIV-infected macrophages/ monocytes and CD4 ϩ T lymphocytes outside the CNS (9) . It is present in the brain of HIV-infected individuals with and without cART treatment (10) . Direct Tat exposure causes acute neuronal damage both in vitro and in vivo (11, 12) . Tat could also affect neuron survival at more physiologically relevant concentrations indirectly through increased recruitment of macrophages/monocytes and lymphocytes into the CNS (13) (14) (15) (16) or through alterations in cytokine expression, excitatory properties, intracellular signaling, autophagy, and endolysosomal function (13, 16 -19) . In agreement with these findings, Tat expression in or injection into the CNS in the absence of HIV infection is sufficient to cause neuropathologies similar to those noted in the brain of AIDS patients (16) . In addition, Tat could affect neuron survival through interaction with astrocytes and subsequent alterations of astrocyte function (see more below) (20 -22) .
HIV infection of astrocytes has been characterized to be restricted, namely only abundantly expressing HIV early gene products Tat, Nef, and Rev proteins (23, 24) . Tat has indeed been detected in and secreted by astrocytes that are latently infected with HIV (9, 25) . Tat alters astrocyte growth (21, 22, 26) and induces expression of cytokines and chemokines in astrocytes such as MCP-1, IL-1␤, IL-6, RANTES, and CXCL10 (17, 27, 28) , which could in turn recruit more macrophages/ monocytes and lymphocytes into the CNS (13) (14) (15) (16) . Studies, including ours, have shown that astrocytes potentiate Tat neurotoxicity (16, 20, 22) , probably through Tat-mediated transcriptional activation of glial fibrillary acidic protein (GFAP) expression (29 -31) . Of particular note is that Tat expression in astrocytes alone is sufficient to induce pathological changes such as reactive astrocytes or astrocytosis, loss of neuron axons and dendrites, and neurobehavioral deficits such as impaired motor and cognitive functions in the CNS reminiscent of HIVassociated MCMD (22, 29, 32, 33) . These findings support the notion that astrocyte-mediated Tat neurotoxicity plays important roles in HIV/neuroAIDS. However, the exact underlying molecular mechanisms are not well understood.
In the study, we aimed to determine the neurotoxic factors responsible for astrocyte-mediated Tat neurotoxicity. Specifically, we compared the protein profile in the supernatants of Tat-expressing mouse primary astrocytes and wild-type mouse primary astrocytes. We demonstrated that Tat expression in astrocytes induced lysosomal exocytosis and, as a result, led to astrocyte-mediated Tat neurotoxicity. Moreover, Tat-induced GFAP expression and ER stress were directly involved in this process. These findings provide new important insights not only about the roles of this critical and pervasive protein Tat in HIV/neuroAIDS, particularly in the era of cART, but also about the general roles of astrocytosis/GFAP up-regulation in contributing to neurodegenerative diseases.
Results

Neurotoxic Factors Other than Tat for Astrocyte-mediated
Tat Neurotoxicity-To identify neurotoxic factors that were present in the supernatant of Tat-expressing astrocytes, we first determined whether Tat was the sole contributor of astrocytemediated Tat neurotoxicity. We transfected human primary astrocytes with Tat-expressing plasmid, immunodepleted the soluble Tat protein in the supernatant secreted by Tat-expressing astrocytes, and determined the neurotoxicity of the supernatants. The immunodepletion efficiency was assessed using the LTR-driven luciferase reporter gene activity assay. Compared with the C3 control, the supernatant from Tat-transfected astrocytes gave rise to a higher Luc activity ( Fig. 1A) and neurotoxicity ( Fig. 1B) . Immunodepletion of the supernatants with IgG had little effect on Tat activity on the LTR promoter and Tat neurotoxicity. In contrast, immunodepletion of the supernatants with an antibody against c-Myc, an epitope tag used to identify Tat protein, abrogated Tat activity on the LTR promoter but had little effect on Tat neurotoxicity.
Besides acute Tat neurotoxicity, Tat has been shown to induce production of TNF-␣, free radicals, and glutamate in activated microglia/astrocytes and cause neurotoxicity (34 -36) . Thus, we next evaluated the role of each of those factors in astrocyte-mediated Tat neurotoxicity. We took advantage of the primary mouse astrocytes isolated from the doxycyclineinducible and astrocyte-specific mice (iTat) and TNF-␣ antagonist WP9QY peptide, nitrite oxide (NO) production inhibitor L-NAME, free radical scavenger superoxide dismutase (SOD), and MK-801 (glutamate receptor channel blocker) (37, 38) . We collected the culture supernatant from Dox-induced iTat primary astrocytes, preincubated the supernatant with each of the above agents, and determined the neurotoxicity of the supernatant in mouse primary neurons. Compared with the control, treatment of L-NAME and SOD only showed slight but not statistically significant recovery of neuron survival. Meanwhile, WP9QY and MK-801 showed little effect. In contrast, heatinactivated supernatant showed significant improvements in neuron survival (Fig. 2) . These results together suggest that Tat protein itself or Tat-induced factors such as TNF-␣, free radicals, and glutamate are not significant contributors to the neurotoxicity of the supernatants of Tat-expressing astrocytes.
Tat Expression Induced Lysosomal Exocytosis from Astrocytes-To understand the molecular mechanisms of astrocyte-mediated Tat neurotoxicity, we collected the culture supernatants from WT or iTat astrocytes treated with Dox and subjected them to proteomic analysis. A total of 45 protein spots exhibited 1.5-fold or greater difference between WT supernatant and iTat supernatant (supplemental Fig. S1A ). All of those 45 proteins were then recovered and sequenced by mass spectrometry. Only 39 proteins were identified with high confidence (supplemental Table S1 ). The DAVID pathway analysis identified two groups of proteins with the highest stringency: one associated with lysosomes and the other with cyto- Normal rabbit IgG was used as the control (ID/IgG). In addition, the supernatant without immunodepletion (No ID) was also included as a control. All supernatants were exposed to LTR-Luc-transfected 293T for their activity on the LTR promoter (A) or exposed to SH-SY5Y and evaluated for their effects on cell viability (B). Error bars, S.D.; *, p Ͻ 0.05. Table S2 ). Of particular interest was detection of increased acid hydrolases, such as cathepsins A, B, D, and S and ␤-hexosaminidase, also known as N-acetyl-␤-D-glucosaminidase (NAG), in the supernatant of Tat-expressing astrocytes over the WT control (supplemental Fig. S1B ). These results indicate the possibility that Tat induces lysosomal exocytosis from astrocytes.
plasmic membrane-bound vesicles (supplemental
Constitutive lysosomal exocytosis is a continuous and slow process. Thus, to validate the proteomic results and to determine the above-mentioned possibility, we first performed the ionomycin-stimulated NAG release assay, which was developed and has been widely used as a standard indicator of lysosomal exocytosis (39) , because ionomycin serves to catalyze the reaction, namely the rate of lysosomal exocytosis, but it does not alter the total number of lysosomal exocytosis events. Specifically, we compared the NAG release with Tat expression in astrocytes. iTat astrocytes were cultured in the presence or absence of Dox before they were subjected to the NAG release assay. There were significantly increased levels of NAG at 8 and 16 min from Dox-treated iTat astrocytes compared with those from iTat astrocytes treated without Dox (Fig. 3A ). Next, we performed total internal reflection fluorescence microscopy (TIRF) to directly visualize and quantitate lysosomal exocytosis through the kinetics of ATP-laden vesicles and their fusion with the plasma membrane (40) . WT and iTat astrocytes were treated with Dox for 3 days; labeled with quinacrine, a fluorescent marker of intracellular ATP vesicles co-localized with the lysosome-specific marker LAMP-1 (41, 42) ; and analyzed by TIRF. The overall lysosomal exocytosis in Dox-treated WT astrocytes and Dox-treated iTat astrocytes was recorded (supplemental Movies S1 and S2). Individual lysosomal exocytosis events in both Dox-treated WT and iTat astrocytes were counted manually based on the drastic drop of the fluorescence intensity within seconds shown in the histogram (Fig. 3B , top) and the images (Fig. 3B , bottom panel and insets). Compared with the Dox-treated WT astrocytes, Dox-treated iTat astrocytes exhibited 7 times more lysosomal exocytosis events ( Fig.   3C ). In addition, we also determined the relationship between Tat expression and HIV infection and lysosomal exocytosis in human astrocytes. Increased NAG was also detected in Tat-transfected U373.MG (Fig. 4A ), VSV-G-pseudotyped HIV.GFP-infected U373.MG (Fig. 4B) , and VSV-G-pseudotyped HIV.GFP-infected human primary fetal astrocytes ( Fig. 4C ). These results provide the direct evidence that Tat expression alone or in the context of HIV infection induced lysosomal exocytosis in astrocytes.
To ascertain that Tat induced constitutive lysosomal exocytosis in Tat-expressing astrocytes, we treated WT or iTat astrocytes with Dox and performed immunofluorescence staining for cell surface LAMP-1, a marker for exocytosized lysosomes (43) , in the absence of ionomycin stimulation. Compared with the WT astrocytes, iTat astrocytes had more LAMP-1-positive vesicles on their surface ( Fig. 5A ). Flow cytometry analysis confirmed that there was about 5% LAMP-1-positive staining on the cell surface of the WT astrocytes and about 15% LAMP-1positive staining on the surface of iTat astrocytes (Fig. 5 , B and C). These results showed that Tat expression also led to increased constitutive lysosomal exocytosis.
Tat-induced lysosomal exocytosis could simply result from Tat-induced increases of the total number of lysosomes. To address this possibility, we compared the total NAG level, measured by the NAG activity, in the supernatants and cell lysates. There were no significant differences in the total NAG activity between U373.MG cells that were transfected with Tat and C3 (supplemental Fig. S2A ) or between iTat mouse astrocytes that were treated with and without Dox (supplemental Fig. S2B ). In addition, there were no significant differences in the total NAG activity between human fetal astrocytes that were mock-infected and infected with VSV-G-pseudotyped HIV.GFP (supplemental Fig. S2C ). Therefore, it did not seem likely that Tat expression altered the total number of lysosomes in astrocytes.
Lysosomal Exocytosis Contributed to Astrocyte-mediated Tat Neurotoxicity-To directly determine the relationship between lysosomal exocytosis and astrocyte-mediated Tat neurotoxicity, we took advantage of vacuolin-1, a specific inhibitor of lysosome exocytosis (44) . iTat astrocytes were treated with or without Dox and then with 0, 1, 5, or 10 M vacuolin-1, followed by the NAG assay for lysosomal exocytosis and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay for neurotoxicity. iTat astrocytes treated with Dox showed increased NAG release ( Fig. 6A ) and increased neurotoxicity ( Fig. 6B ) when compared with iTat astrocytes treated without Dox. Treatment of vacuolin-1 at 1 M slightly decreased the NAG release and slightly decreased the neurotoxicity in Doxtreated iTat astrocytes. At both 5 and 10 M, vacuolin-1 completely blocked the NAG release and, accordingly, completely blocked the neurotoxicity of Dox-treated iTat astrocytes. Meanwhile, treatment of vacuolin-1 at all three concentrations did not show any significant effects on the NAG release and neurotoxicity in iTat astrocytes treated without Dox. These results support the notion that lysosomal exocytosis is directly involved in astrocyte-mediated Tat neurotoxicity.
Lysosomal Enzyme Cathepsin B Contributed to Astrocyte-mediated Tat Neurotoxicity-Lysosomes contain a variety of hydrolytic enzymes that are able to break down proteins, FIGURE 2 . Relative contribution of several known factors to astrocytemediated Tat neurotoxicity. Wild-type primary astrocytes (WT) or iTat primary astrocytes were induced with Dox for 3 days. Supernatants were collected and incubated with PBS, WP9QY (5 and 10 M), L-NAME (10 and 20 M), SOD (10 and 20 g/ml), or MK-801 (0.5 and 2 M) or heat-inactivated. After the indicated treatment, supernatants were added into mouse primary neurons, cultured for 72 h, and evaluated for neurotoxicity using the MTT assay. WT supernatants were similarly treated and showed no neurotoxicity (data not shown). All comparisons were made against iTat treated with PBS. Error bars, S.D.; *, p Ͻ 0.05. nucleic acids, carbohydrates, and lipids. Our proteomics assay above revealed increased release of lysosomal enzyme cysteine proteases, such as cathepsins B, D, and S, in the supernatant of Tat-expressing astrocytes. Thus, we next determined the importance of cysteine proteases in astrocyte-mediated Tat neurotoxicity. We treated the supernatants of Tat-transfected human primary astrocytes with Z-FA-fmk, a potent irreversible inhibitor of cysteine proteases (45, 46) , and determined the neurotoxicity of the supernatants. Compared with the control, the neurotoxicity of the Z-FA-fmk-treated supernatant from Tat-transfected human primary astrocytes exhibited significantly lower neurotoxicity ( Fig. 7A) . Similar results were observed with Tat-expressing mouse primary astrocytes ( Fig.  7B ). Cathepsin B has been shown to be a potential neurotoxic factor (47) (48) (49) . Consistent with these findings, an increased level of cathepsin B was detected in the supernatants of Tatexpressing astrocytes by Western blotting (Fig. 7C ). To further ascertain the role of cathepsin B in astrocyte-mediated Tat neurotoxicity, the supernatants were incubated with cathepsin B neutralization antibody and then assayed for their neurotoxicity. Anti-cathepsin B antibody treatment led to less neurotoxicity of the supernatants of Tat-expressing astrocytes (Fig. 7D) , which appeared to be antibody concentration-dependent. These results suggest that that cysteine protease cathepsin B is a major factor for astrocyte-mediated indirect Tat neurotoxicity.
Requirement of GFAP Expression and ER Stress for Tat-induced Lysosomal Exocytosis in Astrocytes-Next, we determined whether Tat induced lysosomal exocytosis in non-astrocytic cells. To this end, we transfected 293T human embryonic kidney cells and Huh7.5.1 human hepatoma cells with Tat and determined lysosomal exocytosis in those cells. Compared with respective controls and U373.MG (Fig. 4A) , no significantly different NAG activity was detected at all time points tested in both 293T ( Fig. 8A) and Huh7.5.1 (Fig. 8B) . Interestingly, compared with human primary astrocytes ( Fig. 1B) , only the supernatant from Tat-transfected 293T showed neurotoxicity in human primary neurons ( Fig. 8C ), but not in SH-SY5Y human neuroblastoma cells (Fig. 8D ). In contrast, the supernatant from Tat-transfected Huh7.5.1 cells did not show neurotoxicity in both human primary neurons and SH-SY5Y cells.
In addition, we have shown that GFAP activation is important for astrocyte-mediated Tat neurotoxicity (22, 29 -31) . Thus, we next determined the role of GFAP expression in Tatinduced lysosomal exocytosis. We took advantage of the iTat/ GFAPϪ mice, isolated primary astrocytes from those mice, treated them with Dox, and determined the NAG release from those cells. Consistent with previous findings, more NAG was released in iTat astrocytes treated with Dox than in those treated without Dox (Fig. 9A ). However, there were no differences in the NAG release among iTat/GFAPϪ astrocytes treated with and without Dox and iTat astrocytes treated without Dox. Meanwhile, the NAG release was correlated with the neurotoxicity (Fig. 9B ).
Furthermore, we have recently shown in a separate accompanying article (84) that Tat-induced GFAP activation leads to unfolded protein response and endoplasmic reticulum stress. Thus, we also determined the relationship between Tat/GFAP expression, lysosomal exocytosis, and endoplasmic reticulum stress. To this end, we transfected U373.MG cells with Tat or GFAP expression plasmids; treated the cells with 4-phenylbutyrate (4-PBA), a chemical chaperone that has commonly been used to alleviate ER stress (50) ; and determined the NAG release. Tat expression and GFAP expression both led to increased NAG release, whereas 4-PBA treatment completely abrogated Tat-or GFAP-induced NAG release (Fig. 10A ). Similar results were obtained in Dox-treated iTat astrocytes (Fig.  10B ). Taken together, these results indicate that GFAP expression/endoplasmic reticulum stress were directly involved in Tat-induced lysosomal exocytosis and astrocyte-mediated Tat neurotoxicity.
Discussion
In this study, we first showed that neurotoxic factors other than Tat protein itself were present in the supernatant of Tatexpressing astrocytes ( Figs. 1 and 2) . Proteomic analysis and subsequent studies revealed elevated levels of lysosomal hydrolytic enzymes though lysosomal exocytosis in Tat-expressing mouse primary astrocytes and human astrocytes and VSV-Gpseudotyped HIV.GFP-infected human astrocytes and contributed to astrocyte-mediated Tat neurotoxicity ( Figs. 3, 4 , and 6 and supplemental Fig. S1 ). Moreover, we determined that GFAP expression and endoplasmic reticulum stress were directly involved in Tat-induced lysosomal exocytosis and neurotoxicity ( Figs. 8 -10 ). These findings provide novel insights into astrocyte-mediated Tat neurotoxicity and support important roles of Tat in HIV/neuroAIDS, particularly in the era of cART, when Tat is still detected in the CNS of cART-treated individuals (51) .
Tat is detected in the brain of HIV-1-infected patients at both the mRNA and protein level (10) . It is secreted by HIV-1-infected cells within the brain, or it could be transported across the blood-brain barrier from the periphery (52). HIV-1 Tat causes neuron death by stimulating TNF-␣ release from astrocytes (34) , which has been shown to be indirectly mediated by pro-inflammatory microglial activation (53) . Similarly, Tat-induced oxidative stress, NO production, and MCP-1 could all be mediated by activation of microglia (35, 36) . On the other hand, direct exposure of Tat to astrocytes can inhibit glutamate uptake by astrocytes, which results in increasing glutamate concentrations in the neuronal microenvironment and causes neuron death, whereas this process is under the control of TNF-␣ and Tat in a dose-and time-dependent manner (34, 54) . These findings indicate that Tat-induced neuron death through TNF-␣, NO, protein oxidation, and glutamate is complex and either requires other accessory cells or is highly context-dependent. The Tat expression level is extremely low in the iTat system, because it is under the control of the weak GFAP promoter (32) . Thus, the likelihood of direct or acute Tat neurotoxicity in the setting is low.
We have recently shown that Tat induces UPR/ER stress in astrocytes (84) . Protein aggregation-triggered UPR/ER stress is crucial in many biological responses and is generally considered an adaptive reaction of cells to environmental stress, serving as a survival signal (55) . Astrocytes have the unique ability to tolerate and even proliferate under the conditions that lead to ER stress (56) . However, little is known about how GFAP aggregate formation and ER stress in astrocytes affect neurons. Calcium storage is an important function of the ER (57), and ER stress often leads to calcium release (58) . In astrocytes, increases in intracellular calcium trigger fusion of secretory vesicles with the plasma membrane, termed exocytosis, and result in release of cargoes from the vesicles, such as neurotransmitters, hormones, and enzymes (59 -61) . The majority of these secretory vesicles are lysosomes in cortical astrocytes that have Ca 2ϩ -dependent asynchronous exocytosis to modulate ATP release as a feedback modulation of synaptic functions (62) . Lysosomes induce necrosis, autophagy, or apoptosis through hydrolytic enzymes or cathepsins within the vesicles (63, 64) . Tat has been shown to induce calcium release from the ER (65, 66) . In this study, we showed that Tat expression resulted in lysosomal exocytosis (Figs. 3 and 4 and supplemental Fig. S1 ), which in turn caused neurotoxicity ( Figs. 5 and 7) . Moreover, Tat-induced GFAP aggregation/endoplasmic reticulum stress has been directly linked to Tat-induced lysosomal exocytosis and astrocyte-mediated Tat neurotoxicity ( Figs. 8 -10) . These findings support the following working model (Fig. 11) : astrocyte uptake of Tat, secreted from HIV-infected macrophages/microglia, or Tat expression in HIV-infected astrocytes activates GFAP expression/astrocytosis; increased GFAP expression induces UPR/ER stress in astrocytes; induction of UPR/ER stress leads to calcium release from the ER storage into cytoplasm; elevated cytoplasmic calcium leads to lysosomal exocytosis from astrocytes; and released lysosomes and their components cause the neurotoxicity. It is important to point out that the effects of Tat-induced lysosomal exocytosis on astrocytemediated Tat neurotoxicity are modest but significant. Considering the vast number of astrocytes in the brain, one would expect the magnitude of the collective effects to be much higher in the context of HIV infection of the brain.
The primary goal of this study was to elucidate the molecular mechanisms of astrocyte-mediated Tat neurotoxicity. We showed that lysosomal exocytosis was induced in astrocytes by HIV-1 Tat and contributed to astrocyte-mediated Tat neurotoxicity. Lysosome-induced necrosis and autophagy are considered to be two of the main pathways of lysosome-associated cell death, whereas recently, the lysosomal pathway of apoptosis caused by lysosomal protease has generally been accepted as an important model of lysosome-mediated cell death (63) . Hydrolytic enzymes contained within lysosomes contribute to programmed cell death either by direct digestion of main cellular substrates or by induction in caspases of signaling pathways (64, 67) , whereas lysosomal cathepsin-induced cell death has been identified primarily in pathological situations other than developmental cell death (68) . For instance, cathepsin B contributes to astrocyte activation, malignant progression of glioma, and neuronal cell death (69 -72) . In our experiments, cysteine protease inhibitor Z-FA-fmk and cathepsin B neutralization both led to significantly lower neurotoxicity of the supernatants of Tat-expressing astrocytes (Fig. 5 ). It is likely that cathepsin D also contributes to astrocyte-mediated Tat neurotoxicity through lysosomal exocytosis. Cytosolic cathepsin D is elevated in neurotoxic conditions (73) . Cathepsin D is released from toxicity-induced neurons and causes neuron death by activation of autophagy (73) . Nevertheless, lysosomal cathepsins D and B have been shown to be neuroprotective (70, 74, 75) . Thus, it is important to maintain the homeostasis of those enzymes or lysosomal exocytosis. Consistent with our findings, increased cathepsin B release has recently been linked to HIV infectionassociated neuronal death and neurocognitive deficits (76, 77) . Taken together, these findings suggest important roles of lysosomal exocytosis and cathepsins in neurodegenerative diseases, including HIV/neuroAIDS, and may provide new strategies for development of therapeutics for those diseases.
Materials and Methods
Animals and Tissues-C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Dox-inducible and astrocyte-specific HIV-1 Tat transgenic mice (iTat) were created in our laboratory as described previously (32) . GFAP-null mice were generously provided by Dr. Albee Messing of University of Wisconsin (Madison, WI) (78) . iTat/GFAP-null (iTat/GFAPϪ) mice were obtained by cross-breeding iTat mice with GFAP-null mice and characterized as described previously (79) .
Cells and Cell Cultures-Human embryonic kidney 293T cells, human astrocytoma U373.MG cells, and human neuroblastoma SH-SY5Y cells were purchased from American Tissue Culture Collection (Manassas, VA). Human hepatoma Huh7.5.1 were obtained from Dr. Charles Rice (Rockefeller University, New York). 293T, U373.MG, and Huh7.5.1 cells were cultured in DMEM, whereas SH-SY5Y cells were cultured in 50% DMEM and 50% F-12 medium (Cellgro, Manassas, VA). Both culture media were supplemented with 10% FBS, 50 units/ml penicillin, and 50 g/ml streptomycin. Mouse primary astrocytes were isolated from the brain of embryonic day 18.5 embryos and induced to express Tat as described previously (22) . Human primary fetal astrocytes were prepared as before (80) . Primary astrocytes were cultured in F12-K medium (Cellgro) containing 10% FBS, 50 units/ml penicillin, and 50 g/ml streptomycin and passaged every 3-4 days.
Plasmids and Transfection-Plasmids pcDNA3 and pCMV-␤gal were purchased from Clontech (Mountain View, CA). Plasmid pTat.Myc was constructed as described previously (81) . Plasmid pLTR-Luc (donated by Drs. R. Jeeninga and B. Berkhout (82, 83) ) was obtained through the National Institutes of Health AIDS Reagent Program. All cell transfections were performed using the standard calcium phosphate precipitation method.
Preparation of VSV-G-pseudotyped HIV.GFP Virus and Infection of Astrocytes-293T cells were transfected with pHIV.GFP plasmid and pHCMV-G plasmid using the standard calcium phosphate precipitation method. The culture supernatants were collected 48 h after the medium change, briefly centrifuged to remove cell debris, and used as the virus stock. U373.MG and human primary fetal astrocytes were infected with VSV-G-pseudotyped HIV.GFP viruses in the presence of 8 (3); increased GFAP expression leads to formation of GFAP aggregation (4); GFAP aggregation triggers UPR/ER stress (5) ; ER stress leads to calcium release into the cytoplasm (6); increased intracellular calcium stimulates Ca 2ϩ -dependent lysosomal exocytosis (7) and release of lysosomal hydrolytic enzymes and cathepsins into the extracellular space (8) ; and lysosomal hydrolytic enzymes and cathepsins cause neurotoxicity (9) . g/ml Polybrene at 37°C for 2 h. The cells were then thoroughly washed with culture medium to remove unbound viruses and cultured for an additional 48 h. The dosages of the viruses for infection were titrated to ensure minimal cell death and maximal infection efficiency.
Western Blotting-Cells were washed twice with ice-cold PBS and lysed in RIPA buffer (50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM PMSF, and 1ϫ protease inhibitor mixture (Roche Applied Science)) on ice for 20 min for whole cell lysates. Protein concentration of the cell lysates was determined using a Bio-Rad DC protein assay kit (Bio-Rad). Cell lysates were electrophoretically separated by 10% SDS-polyacrylamide gel, followed by probing with appropriate primary and secondary antibodies, ECL detection, and imaging using a Bio-Rad ChemicDoc imaging system (Bio-Rad). For proteins in conditioned media, conditioned media (5 ml) were precipitated overnight with 9 volumes of 100% ethanol at Ϫ20°C. The precipitates were collected by centrifugation at 13,000 rpm for 10 min, washed twice with 75% ethanol, and suspended in 50 l of RIPA buffer for SDS-PAGE and ECL detection. Mouse monoclonal ␣-␤-actin antibody was from Sigma, and rabbit polyclonal ␣-c-Myc and mouse anti-human cathepsin B antibody were from Santa Cruz Biotechnology, Inc. (Dallas, TX).
Immunodepletion-Cell culture supernatants were collected and incubated overnight in the presence of rabbit polyclonal ␣-c-Myc (1 g/ml; Santa Cruz Biotechnology) at 4°C with intermittent mixing. Normal rabbit IgG (Santa Cruz Biotechnology) was included as the control. Then protein A beads (20 l/ml) were added and incubated at 4°C for 2 h with intermittent mixing. The supernatants were removed from the beads by centrifugation and saved for further analysis.
Luciferase Activity Assay-Cells were washed twice with icecold PBS and refilled with 200 l of 1ϫ lysis buffer (Promega, Madison, WI) and then incubated at room temperature for 5 min. The clear supernatant was obtained by brief centrifugation. The luciferase reporter gene assay was done using a luciferase assay system (Promega, Madison, WI). The luciferase activity was quantitated using an Opticomp Luminometer (MGM Instruments, Hamden, CT).
MTT Assay-The neurotoxicity of the astrocyte culture supernatants was determined in SH-SY5Y unless stated otherwise using the MTT assay. Briefly, SH-SY5Y cells were plated in a 48-well plate at a density of 1 ϫ 10 5 cells/well and cultured for 2 days. The cells were exposed to culture supernatants (2:1 ratio) collected from astrocytes and continued to culture for an additional 3 days. MTT (5 mg/ml) was added directly to the culture medium to a final concentration of 1 mg/ml, and the cultures were incubated at 37°C for 4 h. The medium was then removed, and the purple crystal precipitates were dissolved in 200 l of acid-isopropyl alcohol (44 ml of isopropyl alcohol plus 6 ml of 0.2 N HCl). Aliquots of the acid-isopropyl alcohol solvent were transferred into the wells of a 96-well plate, and the optical density was determined using a microplate reader at a test wavelength of 490 nm and a reference wavelength of 650 nm and then used to represent the relative cell viability. For treatment of the supernatants with cathepsin B inhibitor Z-AM-fmk, the supernatants were incubated with 100 M Z-AM-fmk (46) (BD Pharmingen, San Jose, CA) for 1 h before being used for the neurotoxicity assay. For cathepsin B neutralization, the supernatants were collected, incubated with the indicated concentrations of mouse anti-human cathepsin B antibody (Santa Cruz Biotechnology) at room temperature for 1 h, and then assayed for their neurotoxicity.
Cell Surface Lysosome-associated Membrane Protein 1 (LAMP-1) Staining and Flow Cytometry-Cells were washed with ice-cold PBS once and incubated with rat anti-human LAMP-1 antibody (1:100, sc-19992, Santa Cruz Biotechnology) at 4°C overnight and then with goat anti-rat Alexa Fluor 555 (1:200; Life Technologies, Inc.) at room temperature for 1 h. Extensive washes with PBS were performed between each step. Omission of the primary antibody in parallel staining was included as a control to ensure no nonspecific staining. Single cells suspensions were analyzed for LAMP-1-positive cells using flow cytometry.
Diazyme NAG Assay-Lysosomal exocytosis was determined using a fluorescence-based NAG microplate assay as described (39) . Briefly, cells were plated in a 12-well plate at a density of 1 ϫ 10 5 cells/well and cultured for 3 days with or without 5 g/ml Dox. At the time of assay, the cells were washed once with PBS and cultured at 37°C in 200 l of PBS containing 1 mM CaCl 2 and 10 M ionomycin for 0, 2, 4, 8, or 16 min. At the end of each incubation time point, the incubation buffer was collected, and the cells were lysed in 1 ml of 1% Nonidet P-40 for cell lysates. Both the incubation buffer and the cleared cell lysates (175 l each) were mixed with 25 l of 6 mM 4-methylumbellyferyl-N-acetyl-␤-D-glucosaminide (Sigma) in a 96-well plate and incubated at 37°C for 15 min. The stop buffer (50 l of 2 M Na 2 CO 3 and 1.1 M glycine) was then added. The fluorescence intensity was determined at excitation of 365 nm and emission of 450 nm using a TECAN Infinite M200 microplate reader. The NAG activity in the incubation buffer was calculated as a percentage of the total NAG activity in both incubation buffer and cell lysates, and the percentage was used to represent the relative lysosomal exocytosis activity. To inhibit lysosomal exocytosis, astrocytes were treated with the indicated amount of vacuolin-1 (44) (Sigma-Aldrich) for 1 h before the cells were harvested for the NAG assay and the supernatants were added to neurons for the MTT assay. To inhibit the ER stress, astrocytes were treated with the indicated amounts of 4-PBA (50) (Sigma) for 1 h before the cells were harvested for the NAG assay.
TIRF-Lysosomal exocytosis was also directly visualized and quantitated using TIRF as described (40, 62) and performed at the core facility "Fluorescence Technologies and Nanomedicine" of the University of North Texas Health Science Center (Fort Worth, TX). Briefly, mouse primary astrocytes from WT or iTat mice were plated on a polylysine-coated square coverslip (20 mm; Corning) in a 6-well plate at a density of 1 ϫ 10 4 cells/well and cultured for 3 days with or without 5 g/ml Dox. At the time of the TIRF imaging, the cells were washed once with PBS and incubated with 10 M quinacrine (Sigma) at room temperature for 10 min. The cells were then washed and incubated with 500 l of PBS containing 1 mM CaCl 2 and 1 M ionomycin on the 37°C heating stage of the TIRF microscope. The images were acquired at an interval of one image every 2 s Lysosomal Exocytosis in Astrocyte-mediated Tat Neurotoxicity for a total of 2 min. The TIRF angle was set up at 68º (with numerical aperture 1.45) to ensure to only capture vesicles docked at the plasma membrane. The samples were blinded throughout the TIRF analysis. The images were analyzed for lysosomal exocytosis events using SimplePCI version 6.0 software (Hamamatsu, Corp., Sewickley, PA). One hundred ATPpositive vesicles were randomly selected and monitored in each astrocyte. Three astrocytes from each sample were randomly selected for TIRF imaging. Each lysosomal exocytosis event was counted manually based on the drastic drop of the fluorescence intensity within seconds. The number of lysosomal exocytosis events was calculated as a percentage of the total number of monitored vesicles.
Data Analysis-All experiment data are the mean Ϯ S.D. of three or more independent experiments and analyzed by twotailed Student's t test. A p value of Ͻ0.05 was considered to be statistically significant and shown as an asterisk; a p value of Ͻ0.01 was considered to be statistically highly significant and shown as a double asterisk.
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